Electron transport activity at the cell surface of intact oat seedlings (Avena satina L. cv Gary) was examined by measuring the oxidation and/or reduction of agents in the medium bathing the roots. Oxidation of NADH with or without added electron acceptors and reduction of ferncyanide by an endogenous electron donor were detected. The activities appear to be due to electron transfer at, or across, the plasma membrane and not due to reagent uptake or leakage of oxidants or reductants. NADH-fefricyanide oxidoreductase activity was also detected in plasma membrane-enriched preparations from Awaea roots. Based on redox responses to pH, various ions, and to a variety of electron donors and acceptors, the results indicate that more than one electron transport system is present at the plasma membrane.
Redox activity, which provides the energy for many important biological processes, is known to be associated with organelles such as mitochondria and chloroplasts. This activity also appears to be present at the plasma membrane of eukaryotic cells. There are reports of electron transport at the surface of intact ascites tumor cells (7) , yeast (10) , Neurospora (24) , carrot phloem cells (8, 23) , tobacco callus (2), corn root segments, and protoplasts (12, 15, 19) . Electron transport also has been found in plasma membrane fractions from animal tissues (12) , Neurospora (4), corn coleoptiles (17, 25) , oat roots and shoots, and cauliflower (32) . In support of these results, components usually associated with redox activity have been detected on the plasma membrane of animal cells (5, 20, 22) , and there is also evidence in plants for flavins and for a b-type Cyt (17, 32) .
Cell surface redox activity might be related to proton excretion in a manner analogous to that which occurs in prokaryotes, and in chloroplasts and mitochondria. Although this process is controlled at least in part by a proton-translocating ATPase (29) , it is still possible that some of the proton transport is coupled to energy released by electron flow (8, 10, 11, 19) . If proton fluxes across the plasma membrane are at least partially mediated by redox activity, this may have important implications for determining the regulation of solute and ion transport as well as for understanding the action of light and auxin, both of which can accelerate proton excretion (26, 31) .
Some phenomena have already been linked to redox activity.
For example, in Neurospora sporangiophores and in corn coleoptiles, blue light induces the reduction of a b-type Cyt, and this event, occurring in the plasma membrane, has been correlated with phototropic curvature of the intact organ (18) . Redox activity also appears necessary for the uptake ofiron, which must ' Supported in part by a Faculty Research Grant from the University of Massachusetts to A. I. S. be converted to its reduced form before entering the cells of certain plants (6) . Recent evidence suggests that iron is reduced by a plasma membrane-localized redox system (27) .
Earlier reports have measured cell surface redox activity in various ways and on a range of plants. We wanted to confirm these reports with one organ of a single species-the roots of intact oat seedlings. Roots were chosen because they need not be peeled or abraded in order for agents to enter the intercellular space; thus, artifacts due to wounding are less likely. Based on data for pH optima, ion requirements, and various electron donors and acceptors, our results indicate that electron transport complexes exist at the cell surface of intact roots; we also show that oxidoreductase activity is present in plasma membraneenriched pieparations from these roots.
MATERIALS AND METHODS Plant Culture. Oat 'seeds' (Avena sativa L. cv Garry) were germinated on water-moistened vermiculite for 3.5 to 4 d in total darkness except for a 30-s exposure to white light on the 3rd d. To determine the importance of bacterial contamination, seeds were soaked in 25% (v/v) clorox bleach solution, washed three times in sterile distilled H20, and planted in autoclaved vermiculite using sterile procedures. Subsequent conditions were the same as above. The amount ofbacteria associated with the roots was determined by homogenizing roots from ten seedlings in 20 ml of 25 mM Tris-Mes (pH 6.7), 2% (w/v) sucrose. The diluted extracts were plated on 4% (w/v) agar, 2.75% (w/v) tryptic soybroth, and 2% (w/v) dextrose (pH 7.3). The sterilization procedure reduced detectable bacterial contamination from about 5 x 106 colonies to at most 5 x 102 colonies/g fresh weight of roots.
In Vivo Redox Assays. Intact plants were removed from the vermiculite, the roots washed in three changes of disfilled H20, and groups of five or ten seedlings were placed in 20-ml beakers containing 5 ml of distilled H20. Root fresh weight per seedling was approximately 50 mg. After shaking for 30 min on a rotary shaker at 100 rpm, the water was aspirated and 5 ml fresh distilled H20 added for about 30 (17) . After centrifuging at 70,000g,,., for 2 h, 1.4-ml fractions were collected.
In Vitro Enzyme Assays. K+-ATPase activity was determined in the presence of 0.5 mM (NH4)2MoO4 and 0.5 mM NaN3 using the procedures of Stout and Cleland (30) The rate of NADH-ferricyanide oxidoreductase activity is linear for over 10 min (Fig. 2) ; the leveling off that occurs after this time is not due to injury, since replacement with fresh medium restores redox activity to its original rate. Further evidence that the redox agents are not deleterious to metabolism is the lack of effect of NADH and ferricyanide on oxygen uptake. Also apparent in Figure 2 is that redox activity extrapolates almost to zero-time and that the stoichiometry is close to 1 Redox activities in the presence of oat roots are stimulated striingly by concentrations of CaCl2 above 0.1 mM (Fig. 3) nmol NADH oxidized using 50, 2.5-mm segments. Electron acceptors other than ferricyanide were investigated in order to further characterize cell surface redox activity (Table II) . Besides ferricyanide, considerable oxidation is induced by Cyt c and somewhat less by DHA2. We have not determined if Cyt cinduced oxidation of NADH is due to reduction of its iron moiety or to its being a polycation. DQ does not stimulate NADH oxidation.
Additions of 1 mM KCN (active species HCN) have different effects on NADH oxidation depending on the electron acceptor in the medium (Table II) . When NADH is oxidized in the presence of ferricyanide or Cyt c, HCN is not inhibitory, even if the roots are pretreated with the poison for 5 min; the reduction Figure 3A for typical rates of NADH oxidase activity.
of ferricyanide alone is also not retarded by HCN and we find that HCN does not stimulate leakage of substances which reduce ferricyanide (data not shown). But HCN markedly inhibits rootinduced oxidation of NADH, both by itself and the oxidation induced by DHA (Table II) .
NADPH was compared to NADH as an electron donor for cell surface redox activity. The rate of oxidation of NADPH alone or in the presence of ferricyanide is two-thirds that of NADH. The role of 02-as an electron donor was assessed by adding 350 units ofSOD to roots in a medium containing NADH and ferricyanide; only a 9% reduction of activity is detected.
The most direct approach for determining the presence of an electron transport system at the cell surface is to assay the redox activity of membrane fractions enriched in plasma membrane. A crude pellet from corn roots is reported to have redox activity (11) , but the nature of the pelleted membranes is difficult to determine. By using previously established methods (14, 30) , it is possible to homogenize oat roots and prepare a fraction enriched in mitochondria (the 1,000g to 13,000g pellet) and a fraction enriched in plasma membrane (material at the 34-45% interface of the sucrose gradient). Data presented in Table III show that the band from the sucrose gradient has twice the NADH oxidation/Cyt c oxidation ratio as the mitochondrial fraction, thus suggesting that the activity in this band is not just the result of mitochondrial contamination. We also attempted to separate further some of the contaminating mitochondria from the plasma membrane by centrifuging the material at the 34% to 45% interface of the sucrose gradient through a continuous renograffin gradient. The results (Fig. 4) show two overlapping peaks of Cyt c oxidase and K+-ATPase activity, but the redox activity (ferricyanide-stimulated NADH oxidation) is detectable under both peaks. Similar results were obtained with two other trials. Thus, redox activity is associated with a membrane fraction showing K+-ATPase activity, a marker for plasma membrane, and is not due solely to mitochondrial contamination.
DISCUSSION
From the data presented, we conclude that redox activity, which is not related primarily to epiphytic bacteria, occurs at the outer surface of oat roots. This conclusion, however, depends on the nonpermeating properties of the redox agents used; evidence that NADH and ferricyanide do not enter plant cells is provided by Lin (19) and Craig and Crane (8) , respectively. Furthermore, time-course curves for NADH oxidation and for ferricyanide reduction extrapolate almost to zero-time; this is an unlikely result if the reagents must first permeate the cell in order for the redox reaction to occur and then return to the incubation medium. We are also unable to detect any changes in oxygen uptake after addition of NADH and/or ferricyanide. Finally, a surfacelocalized reaction is suggested by the marked stimulation of redox activity by lanthanum (Table I) , a nonpermeating cation (16) . It also seems unlikely that Cyt c and DHA permeate the cell.
The striking stimulation of redox activity by multivalent cations (Table I) can be explained by a neutralization of negative surface charges allowing the negatively charged redox agents to approach the plasma membrane. This conclusion, already proposed by others (10, 11) , is based on the parameters of BorstPauwels (3) which predict in our case that increasing valence increases redox activity (Table I) , that no specificity exists within each valence group (Table I) , and that relatively high concentrations of cations are required (Fig. 3) .
We did note, however, that the ion concentration curves and ion specificities for redox activity in the presence of roots is identical to the spontaneous chemical oxidation of NADH We considered the possibility that redox activity detected in the incubation medium is due to substances leaking from the cells. One might expect, in such a case, to find these substances when NADH and/or ferricyanide are added to media which had previously bathed the roots. Activity is detected, but the rate is, at most, 10% of that seen when roots are present, and, unlike the activity'in the presence of roots, the Qio is close to 1 and activity is not stimulated by CaCl2. Furthermore, redox activity is not correlated with number of cut surfaces, a condition which should stimulate leakage.
That the cell-surface electron transport or dehydrogenase ac- Oat roots were homogenized and centrifuged at 1,000g for 10 min. The pellet resulting after the supernatant was spun at 13,000g was designated 'mitochondria-enriched.' The resulting supernatant was spun at 80,000g and the pellet was separated on a discontinuous gradient containaing 25%, 34%, and 45% (w/v) sucrose. The material banding at the 34% to 45% interface was designated 'plasma membrane-enriched' (26 
